The interaction of water with polycyclic aromatic hydrocarbons, from benzene to graphene, is investigated using various exchange-correlation functionals selected across generalized gradient approximation (GGA), meta-GGA, and hybrid families within the density functional theory (DFT) hierarchy. The accuracy of the different functionals is assessed through comparisons with high-level electronic structure methods, including random phase approximation (RPA), diffusion Monte Carlo (DMC), and coupled- 
INTRODUCTION
Motivated by potential technological applications, including water desalination, electricity generation, and biochemical sensing, there has recently been significant effort in investigating the properties of water interacting with graphene. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] From a computational modeling perspective, realistic simulations of water at the interface with graphene sheets require an accurate representation of the underlying molecular interactions, at both short and long ranges. Several molecular dynamics (MD) studies, employing either force fields or ab initio methods, have been reported to characterize the behavior of water adsorbed on graphene.
For example, MD simulations were carried out to investigate the dependence of the contact angle on the strength of carbon-water interactions 19 as well as to determine the importance of polarization effects in the representation of water-graphene interactions. 20 Other studies focused on characterizing the hydrophobic effect on electrically doped graphene layers. 21 MD simulations with the TIP4P water model 22 were used in Ref. 23 to examine the desalination performance of graphene, while water and ion transport through graphene pores was investigated in Refs. 24 and 25.
On the other hand, most ab initio studies of water interacting with graphene rely on density functional theory (DFT). However, it is known that standard exchange-correlation functionals lack the ability to capture long-range dispersion interactions and thus often underestimate the strength of molecular interactions. [26] [27] [28] More reliable results can be obtained by combining standard exchange-correlation functionals with empirically parameterized dispersion corrections, [29] [30] [31] or by constructing nonlocal exchange-correlation functionals.
32,33
In this context, it was shown that the performance of different DFT models in describing water-graphene interactions depends not only on the specific exchange-correlation functional used in the calculations but also on how dispersion forces are accounted for. 34 In particular, it was found that the application of van der Waals DFT models to investigate the interaction of a single water molecule with a graphene sheet gives results that are in good agreement with those obtained with high-level electronic structure methods. 18, 34 can address this challenge by contemplating another versatile electronic structure method such as the random phase approximation (RPA) [39] [40] [41] [42] [43] [44] that has been shown to provide an accurate description of intermolecular interactions at a fraction of the computational cost associated with DMC and CCSD(T) calculations. The RPA method combines a number of attractive features, such as the inclusion of long-range many-body dispersion-type correlation effects and a low computational cost of O(N 4 log N ), which makes it appealing for modeling molecular systems with tens of atoms.
45-52
In this study, we report the application of various GGA, meta-GGA, and hybrid exchangecorrelation functionals to determine interaction energies between a single water molecule and a series of polycyclic aromatic hydrocarbons (PAHs), from benzene to graphene. The accuracy of the different functionals is established through comparisons with RPA results as well as with DMC and CCSD(T) data available in the literature. Besides enabling a systematic assessment of the performance of different DFT approximations, this study also provides fundamental insights into the nature of the interactions between water and PAHs through the application of the absolutely localized molecular orbital energy decomposition analysis (ALMO-EDA) method. 53, 54 The analysis reported in this study could thus serve as a guidance for the development of ab initio-based force fields MD simulations aimed at determining the structure and dynamics of water at graphene interfaces.
COMPUTATIONAL DETAILS

Molecular systems
In this study, we consider a graphene sheet with C-C bonds and C-C-C angles set to the experimental values of 1.42Å and 120
• , respectively. 55 In order to investigate the dependence of the the interaction energies as a function of the number of carbon atoms, a series of PAH molecules are extracted from the graphene sheet and the dangling bonds saturated with hydrogen atoms, fixing the C-H bonds and C-C-H angles to the values of 1.089Å and 120 
Density Functional Theory Calculations
We analyze the performance of various exchange-correlation functionals belonging to the generalized gradient approximation (GGA), meta-GGA, and hybrid families. Among the GGA functionals considered in this study are BLYP, which combines Becke exchange func- Grimme and co-workers. 30 In the remainder of this article, we thus designate the corresponding exchange-correlation functionals with dispersion corrections as BLYP-D3, PBE-D3, revPBE-D3, SCAN-D3, B3LYP-D3, PBE0-D3, and revPBE0-D3. In the case of SCAN, we also consider the SCAN+rVV10 variant, which is derived by pairing SCAN with the nonlocal correlation part of rVV10.
70
In the analyses presented in Section 3, the interaction energies, E int , between water and energies are corrected for the BSSE as discussed above. Refs. 87 and 88, the complete basis set (CBS) limit of the L-CCSD(T) interaction energies is achieved by applying the following two-point extrapolation formula:
where n and (n − 1) are the cardinal numbers of the ccnZ and cc(n − 1)Z basis sets, re- 
where the first term on the right-hand side designates the RHF reference energy obtained using the cc-pVQZ basis set. Due to the fast convergence of the Hartree-Fock energies with respect to the basis set, we can treat the RHF/QZ energies as equivalent to the CBS value.
The second term on the right-hand side of Eq. 3 is the CBS limit of the correlation energy and the triples correction due to the (TZ,DZ) extrapolation. We estimate errors due to basis set incompleteness by forming the difference between 5Z and QZ calculations for H 2 O-C 6 H 6 . To assess the accuracy of the L-CCSD(T) results, the differences between interaction energies calculated for H 2 O-C 6 H 6 using both L-CCSD(T) and standard CCSD(T) in combination with the cc-pVTZ are analyzed. The differences are found to be within 0.2 kcal/mol for 0-leg configuration and 0.1 kcal/mol for both 1-and 2-leg configurations.
RESULTS
3.1 Interaction energies for water on C 6 H 6 , C 24 H 12 , and C 54 H 18 Figure 2 shows comparisons between potential energy curves calculated using GGA (top row), meta-GGA (middle row), and hybrid (bottom row) functionals for 0-leg (panels a-c), Independently of the level of theoretical treatment, water in the 0-leg configuration is predicted not to be bound to C 6 H 6 , in agreement with previous studies. 15 Most GGA and meta-GGA functionals, with the exception of BLYP-D3 and revPBE-D3, predict interaction energies that are in good agreement (with deviations within ∼0.1 kcal/mol) with the cor- In addition, no qualitative differences exist as a function of water orientation and number of carbon atoms in the PAH molecules. We can then conclude that the purely repulsive nature of the H 2 O-C 6 H 6 interaction in the 0-leg configuration is a consequence of the dominant role played by the Pauli repulsion term, outweighing the combined attractive contributions from all other energy components. It should be noted that the Pauli repulsion term associated with the 0-leg configuration is not as repulsive as in the 1-leg and 2-leg configurations (top, middle, and bottom panels of Figure 5 ) for which the closer approach of the water hydrogen atom(s) initiates overlap of atomic orbitals with the benzene π system. In spite of the increase in Pauli repulsion for 1-leg and 2-leg configurations, the corresponding interaction energies are negative due to the counterbalance effects associated with the ELEC, POL, Owing to the good performance of B97M-rV and ωB97M-V in describing the H 2 O-C 6 H 6 , 
H 2 O interactions with graphene
Having characterized the magnitude and nature of the interactions between water and PAH molecules from C 6 H 6 to C 216 H 36 , and assessed the performance of various exchangecorrelation functionals, in this section we examine the interaction of water with graphene.
Due to the computational cost associated with hybrid functionals, the analysis will be limited to GGA and meta-GGA functionals. Based on the good performance exhibited by B97M-rV in describing the interactions between water and PAH molecules, we first compare in Figure 8 the 0-leg, 1-leg, and 2-leg interaction energy curves calculated with B97M-rV for the H 2 O-graphene system with the available RPA and DMC data taken from Ref. 91 .
Focusing on the minimum energy regions for the three different configurations, it is possible to see that the RPA and DMC results are in close agreement for the 0-leg configuration while differences of ∼0.5 kcal/mol are found for both 1-leg and 2-leg configurations. These differences are similar to those found for the H 2 O-C 6 H 6 and H 2 O-C 24 H 12 dimers in Figs. 2 and 3. On the other hand, the differences between the B97M-rV and RPA values are significantly larger (up to ∼1.8 kcal/mol) for all water orientations. This is in line with the trend Figure 7 : Decomposition of the total intermolecular interaction energy of water-PAH system as predicted by the B97M-rV (top) and ωB97M-V (bottom) functionals. On the vertical axis are the energies, in kcal/mol, of the energy components and the horizontal axis represents the system size as defined by the 0-leg, 1-leg, and 2-leg configurations. Color scheme: PAULI in red, CT in yellow, POL in green, DISP in blue, ELECT in gray. See main text for details.
observed in the variation of the B97M-rV and RPA interaction energies going from H 2 O-
Relatively smaller differences which, however, are still on the order of 1 kcal/mol are found between B97M-rV and DMC results. Also in this case the differences between the two sets of results appear to be in line with the trends found for water interacting with smaller PAH molecules. In this context, it should be noted that B97M-rV closely reproduces the L-CCSD(T) interaction energies for both H 2 O-C 6 H 6 and H 2 O-C 24 H 12 dimers which, on the other hand, deviate from the corresponding DMC values by ∼0.2 kcal/mol and ∼0.5 kcal/mol, respectively. Importantly, Fig. 4 shows that, independently of the water orientation, B97M-rV also predicts interaction energies that lie within the estimated range of L-CCSD(T) values for H 2 O-C 54 H 18 in the minimum energy region.
Additional insights into the variation of the strength and anisotropy of water-PAH interactions from H 2 O-C 6 H 6 to H 2 O-graphene are gained from the comparisons shown in Figure 9 between interaction energies calculated using the same set of exchange-correlation functionals examined in the previous sections. To facilitate the analysis of water-PAH interaction Specifically, the CCSD(T) calculations were carried out for a 3×3 graphene supercells, using the cc-pVDZ and aug-cc-pVTZ basis sets for the C and H atoms of graphene, and the O and H atoms of the water molecule, respectively. In all panels, the dashed lines do not correspond to actual data but are only used as guides to the eye.
In contrast, no common convergence behavior is predicted by the different functionals for both 1-leg and 2-leg configurations, with spreads of up to ∼2 kcal/mol. As discussed in the previous section, B97M-rV and ωB97M-V provide nearly identical results from C 6 H 6 to C 216 H 36 , closely reproducing the L-CCSD(T) results for water interacting with the smallest PAH molecules. Importantly, both revPBE-D3 and B3LYP-D3 predict an increase in the interaction strength for 1-leg configurations from water-benzene to water-coronene, which is opposite of the trend predicted by the available RPA, DMC, and L-CCSD(T) data. For 2-leg configurations, it should be noted that RPA and DMC predict similar interaction strengths for C 6 H 6 and C 24 H 12 , while the available L-CCSD(T) data indicate a decrease of ∼0.5 kcal/mol in the interaction energy between the two dimers. Most exchange-correlation functionals considered in this study exhibit, at least qualitatively, the same trend as L-CCSD(T), predicting a decrease in the interaction energy from benzene to coronene, which is followed by a steady increase as the number of carbon atoms increases up to C 216 H 36 .
Notable exception is SCAN+rVV10 that predicts a monotonic increase of the interaction energies from C 6 H 6 to C 216 H 36 . Among all functionals considered in this study, B97M-rV and ωB97M-V tend to provide the strongest interactions for 0-leg configurations, while predicting the weakest interactions for 1-leg and 2-leg configurations. Opposite trend is predicted by BLYP-D3, revPBE-D3, B3LYP-D3, and revPEB0-D3, while SCAN-D3 overall predicts the strongest interactions, independently of the water orientations. Unfortunately, due to the associated computational cost, no data are available for watergraphene interactions calculated with hybrid functionals. However, the trends established for PAH molecules as a function of carbon atoms can be used to predict that PBE0-D3, B3LYP-D3, and revPBE0-D3, on one hand, and ωB97M-V on the other hand, respectively underestimate and overestimate the interaction energy for 0-leg configurations by ∼0.5 kcal/mol.
Before we comment further on the performance of GGA and meta-GGA functionals in describing the other two orientations of water on graphene, it should be noted that most exchange-correlation functionals predict significant variations in the interaction energy for , and B97M-rV, which all predict stronger interactions for water on graphene.
On the other hand, with the exception of B97M-rV, all GGA and meta-GGA functionals examined in this study predict a decrease in the interaction strength for 2-leg configurations going from H 2 O-C 216 H 36 to water-graphene, although the extent of this decrease varies significantly among the different exchange-correlation functionals. These large variations in interaction energies from PAH molecules to graphene can be likely ascribed to basis set incompleteness errors in the water-graphene calculations which, directly modulating the extent of charge transfer, polarization, and electrostatic effects (see Figs. 5 and 7), affect differently the interaction strength of different water orientations. Importantly, even more pronounced differences are found between water-PAH and water-graphene interaction energies calculated at the RPA and DMC levels of theory, which may be related to (and emphasized by) similar basis set incompleteness errors.
In this context, it should be noted that, contrary to the results obtained for 0-leg configurations, noticeable differences (on the order of ∼0.5 kcal/mol) exist between RPA and DMC interaction energies calculated for both 1-leg and 2-leg configurations of water on graphene, which are in line with the trend observed for water interacting with smaller PAH molecules.
Similarly, CCSD(T) interaction energies available for 2-leg water-graphene configurations are consistently lower (by ∼1.0 kcal/mol) than the corresponding RPA and DMC values, with the differences being comparable with those found for H 2 O-C 6 H 6 and H 2 O-C 24 H 12 . In general, the comparisons shown in Fig. 9 indicate that the interaction energies calculated with GGA and meta-GGA functionals, which are spread over a range of ∼0.3 kcal/mol (between -3.15 and -2.85 kcal/mol) for 1-leg configurations and ∼0.7 kcal/mol (between -3.70
and -3.00 kcal/mol) for 2-leg configurations, seem to follow more closely the CCSD(T) results than the RPA and DMC predictions. Among the different exchange-correlation functionals examined in this study, the best interaction energy estimate of water-graphene dimer relative to CCSD(T) result is obtained by the calculation of SCAN+rVV10 functional, which is within a marginal error of 0.2 kcal/mol. Other functionals also exhibit a relatively small error within the range 0.4-0.9 kcal/mol.
CONCLUSIONS
We have reported a systematic analysis of the interaction energies between a single water molecule and a series of PAH molecules, from benzene to graphene, using different exchange-correlation functionals representative of the generalized gradient approximation (GGA), meta-GGA, and hybrid families. The accuracy of the different functionals has been assessed through direct comparisons with corresponding data calculated at the RPA, DMC, and L-CCSD(T) levels of theory. In this analysis, three orientations of the water molecule relative to the plane of the PAH molecules are considered, corresponding to configurations with the oxygen atom of the water molecule pointing perpendicularly to the center of the PAH molecules (0-leg configurations), one hydrogen of the water molecule pointing perpendicularly to one carbon atom of the central ring of the PAH molecules (1-leg configurations), and both hydrogen atoms pointing to the plane of the PAH molecules (2-leg configurations).
Relatively large variability is found in the ability of different exchange-correlation functionals to describe water-PAH interactions, independently of the water orientation. In particular, it is found that GGA functionals tend to underestimate the interaction strength for 0-leg configurations, while overestimating the interaction strength for both 1-leg and 2-leg configurations. Overall, the meta-GGA B97M-rV and hybrid, meta-GGA, and range- 
